Abstract
Introduction
Fault analysis of a power system is essentially required to provide information for the selection of switch-gears, setting of relays, and stability of system operation in general. Fault current calculations are normally made at the design stage of the system to determine the short-circuit ratings of new switchgear and infrastructure equipment. System reinforcements may be triggered by network expansion and/or the connection of a new generating plant to the power system. Routine calculations are also made to check the continued adequacy of existing equipment as system operating configurations are modified [1] .
Fault current calculation approach is formulations which are normally used to analyze faults in power systems that estimate the during-fault system state. These approaches and algorithms can be used to provide the settings and coordination of protection relays. In addition, calculations of minimum fault currents are made and these are used in the calculation of protection relay settings to ensure accurate and coordinated relay operations.
Fault currents in transmission systems must be quickly cleared to avoid loss of synchronism of generation plant and major power system blackouts. Maximum fault current calculations are carried out for the design of substation earth electrode systems.
Many researchers have worked in the area of fault analysis in power systems which addresses symmetrical and unsymmetrical single or multiple faults. Single faults occur at a single location in the network while multiple faults occur at multiple locations simultaneously. Simple faults involve only a single type of faults such as line to ground, line to line and double line to ground faults. Complex faults involve a combination of the simple faults that may occur simultaneously in the network. Fault calculations due to multiple faults at different locations in power systems were considered in [2] , a canonical model for the study of faults in power systems was addressed in [3] , and a method to calculate the effects of mutual coupling in multi faults and incorporating the zero sequence mutual coupling effects among multi parallel routes was discussed in [4] . In [5] , the calculation of simultaneous faults in power systems was investigated. A systematic short-circuit analysis method for unbalanced distribution systems based on exact three phase models and two relationship matrices of distribution systems was presented in [6] , while [7] described a generic approach to the analysis of faulted power systems in three phase coordinates. The influence of mutual coupling between parallel transmission lines on single line-to ground and double line-to-ground faults was discussed in [8] and a detailed analysis of the apparent impedance as seen from the relaying point due to faults on parallel transmission lines was presented in [9] . A new calculation method of the ground fault current distribution along non-uniform multi-section line and cable was proposed in [10] , a piecewise solution procedure for fault studies using large change sensitivity concept was suggested in [11] , and a systematic approach for applying the three terminal Thévenin's equivalent circuit to three terminal elements was proposed in [12] .
In power systems, it is well known that high loading and voltage drops can adversely affect on system operation under steady-state conditions. This can be resolved by providing reactive power to improve load power factor and compensate for reactive power losses in lines and transformers. Before the development of FACTS devices, mechanically switched shunt capacitors and reactors were traditionally used for voltage control which resulted in some voltage control problems.
FACTS technology came to present a family of new high-speed electronic devices which can significantly increase the power system performance by delivering or absorbing real and/or reactive power, [13] . One of the novel FACTS devices is Thyristor Controlled Voltage Regulator (TCVR) which is employed in this work.
This paper studies the impact of the controlled TCVR voltage on ground fault parameters in the presence of phase (A) to earth fault at the end of a high voltage transmission line. The considered case study is for a 400 kV transmission line in the Algerian power network compensated by TCVR at the mid of the line. This line connects two substations, namely Salah Bey (Sétif) and Bir Ghbalou (Bouira) in Algeria. The effect of the positive/negative applied TCVR voltage, given by V TCVR , is studied for ground fault parameters which are symmetrical current components (I 1 , I 2 and I 0 ), transmission line currents (I A , I B and I C ), voltage symmetrical components (V 1 , V 2 and V 0 ), and transmission line voltages (V A , V B and V C ). In this study, a fixed value for fault resistance and location are maintained throughout analysis and simulations.
Thyristor Controlled Voltage Regulator (TCVR)
In dynamic stability studies of power systems, the rapid speed of FACTS devices offers several benefits to system operation and control. In particular, they are capable of increasing the synchronizing torque, damping oscillations at various frequencies below the rated frequency, supporting dynamic voltage or controlling power flows. Moreover, FACTS devices may have benefits in case of fault, by limiting the fault current [14] . Another advantage of FACTS devices is considered in the ability of this technology to extend the current transmission line limits in a step-by-step manner with incremental investment when required. Furthermore, it offers the possibility to move an installation when it becomes not useful anymore. Different types of devices have been developed and there are various ways to classify them in terms of the technology of the used semiconductor, the possible benefits of the controllers, and the type of compensation. Figure 1 shows the active power flow equation between two buses 1 and 2 and the variables that can be modified by each FACTS device [15] . Figure 2 . The value of the turns ratio is given by the ratio of the additional transformation relative to the nominal transformation and its values range from 0.9 to 1.1, where 1.0 corresponds to no additional transformation [14] .
Figure 2. Model of TCVR
Therefore, TCVR can be modeled as an ideal tap changer transformer without series impedance [14, 16] . The TCVR coefficient, denoted by K TCVR , has the following ranges:
Ground Fault Parameters in the Presence of TCVR
In 1918, C.L. Fortescue presented the symmetrical components method which has been popular ever since [16, 17] which is used in this paper. This method has always been employed in the analysis of unbalanced three-phase systems, unsymmetrical fault currents, and rotating electrodynamics machinery. Figure 3 shows the equivalent circuit of a transmission line compensated by TCVR in case of a phase to ground fault (F) at phase A. A fixed fault resistance R F is used and the fault location occurs at bus-bar B.
Figure 3. Ground Fault Equivalent Circuit with TCVR
The basic equations for this type of fault [17] [18] [19] take the following form:
The symmetrical components of the currents are [1, 20] (6) From equation (4) and matrix (6) , the symmetrical components of the currents take the following form:
The symmetrical components of the voltages are [1, 20] 
Hence,
where,
From equations (12), the current of phase (A) in the presence of TCVR is given by:
From equations (7) and (13), the symmetrical components of the currents in the presence of TCVR are given by:
The direct component of the phase voltages of the line is defined by:
The inverse component of the voltages is defined by:
The zero component of the voltages is given by: 
The coefficients are defined as: 
From equations (16), (18), (20) and matrix (8), the three phase voltages of the line in the presence of TCVR take the following form:
Therefore, in case of maintaining a fixed fault resistance and a specified faul t location, it is concluded that fault calculations are only depending on TCVR controlled voltage denoted by V TCVR and its operation mode.
Case Study and Simulation Results
The case study considered in this research work is for a 400 kV transmission line in the northern part of the Algerian power network, as shown in Figure 4 [21, 22] . TCVR is installed at the mid of this transmission line that connects bus-bar A at Salah Bey (Sétif) substation with bus-bar B at Bir Ghbalou (Bouira) substation. The TCVR data and transmission line parameters are given in [21] where the authors investigated the effect of varying the fault resistance on short-circuit calculations. In this paper, authors investigate the impact of positive and negative TCVR controlled voltages on short-circuit calculations for a single phase to ground fault that happens at bus-bar B for the same case study. The fault occurs at phase A of the specified line, while in this case a fixed fault resistance is maintained at 20 Ω. 
Figures 6.a, b, c, shows that the three symmetrical currents are equal, in case of using TCVR and without using it, which matches equation (7). In case of using TCVR, it is clear that increasing the value of V TCVR leads to increasing the value of the three current symmetrical components. For example, in case of negative injected voltage, the value of each of the three current symmetrical components is higher in the absence of TCVR than its value when using TCVR. In case of positive injected voltage, the value of each of the three current symmetrical components is higher when using TCVR than its value without using it.
In Figures 7.a, b , c, it is noticeable that the line currents of phases B and C are always zero which is confirmed by equation (4) . However, increasing the value of V TCVR shows an increase in the line current of the faulty phase (A) when using TCVR. In case of negative injected V TCVR voltage, the value of the line current of the faulty phase (A) is lower when using TCVR than its value without using it. In case of positive injected voltage, the value of I A is higher in the presence of TCVR than its value without TCVR. In Figures 8.a, b , c, when using TCVR, increasing V TCVR leads to an increase in the magnitude of each of the three voltage symmetrical components, though less increment is exhibited by the zero symmetrical component when compared with the direct and negative components which both show rapid increment as V TCVR increases. This is confirmed by equations (16), (18) and (20) . It is also noticeable that the values of the direct and inverse voltage symmetrical components in the absence of TCVR are higher than their corresponding components while using TCVR in case of negative V TCVR . On the other hand, in the case of positive V TCVR , the magnitudes of the direct and inverse voltage symmetrical components in the presence of TCVR are higher than their corresponding components while not using TCVR. Across the whole range of V TCVR , the zero voltage component in the presence of TCVR exhibits less magnitude than its magnitude when TCVR is not used.
In Figures 9.a, b , c, in the presence of TCVR, it is obvious that increasing V TCVR leads to a corresponding increase in the magnitude of the voltage of each of the three phases. Across the whole range of V TCVR , the magnitudes of phase voltages of B and C in the absence of TCVR are higher than their corresponding magnitudes when using TCVR. The opposite is exhibited for the voltage of phase A that shows a significant increase in magnitude when using TCVR which can be regarded as an advantage of using TCVR.
Conclusions
The paper highlighted the impact of using TCVR on the short-circuit parameters in case of a ground fault, in the presence of a fixed fault resistance, for a 400 kV transmission line installed between two substations in northern Algerian power system. This research was focused on analyzing the effect of the voltage controlled by TCVR, whether positive or negative, on the following parameters: symmetrical current components, transmission line currents, voltage symmetrical components, and transmission line voltages. Analytical results based on symmetrical components method were presented and verified by simulations which showed perfect agreement.
The obtained simulation results concluded the significant impact of TCVR controlled voltage on short-circuit parameters of the ground fault, which varied between minimum and maximum values as a function of the positive and negative operation modes of the installed TCVR voltage. They also highlighted the advantages of using TCVR as a novel FACTS device particularly under fault conditions. The paper proposes that off-line settings and coordination of relays are to be made while taking into consideration the effect of V TCVR , especially in meshed power systems. This can be achieved by using artificial neural networks and heuristic approaches. It is also recommended to develop an automation system using optimization algorithms that will result in adaptive relay settings based on V TCVR . This system can be adopted to determine the optimum settings of various protection devices and therefore helps to improve the quality of system operation.
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